We theoretically show that the initial coherence plays a crucial role in enhancing the speed of excitation energy transfer (EET) in Fenna-Matthews-Olson (FMO) complex. We choose a simplistic eight-level model considering all the bacateriochlorophyll-a sites in a monomer of FMO complex. We make a comparative numerical study of the EET, in terms of non-Markovian evolution of an initial coherent superposition state and a mixed state. A femto-second coherent laser pulse is suitably chosen to create the initial coherent superposition state. Such an initial state relaxes much faster than a mixed state thereby speeding up the EET. In this analysis, we have taken into account the relative orientation of the transition dipole moments of the bacateriochlorophyll-a sites and their relative excitation energies. Our results reveal that for 2D electronic spectroscopy experiments, the existing two-pathway model of energy transfer in FMO complex may not be suitable in our understanding of EET.
I. INTRODUCTION
In bacterial photosynthesis, antenna complexes harvest the photon and transfer the captured energy to the reaction center (which stores it chemically) with almost near unity quantum efficiency [1] [2] [3] . Resolving the functioning of these complex biological systems could be useful for newer solar energy applications [4] .
During the bacterial photosynthesis in, e.g., Chlorobium Tepidum, a photon is captured in situ by a light-harvesting molecule of the chlorosome antenna and this excitation is then transferred to the FennaMatthews-Olson (FMO) complex. This complex is a trimer and works as a energy transmitting wire between the chlorosome antenna and the reaction center [2, 5, 6] . Each monomer in this trimer consists of seven bacteriochlorophyll-a (BChla) molecules immersed in protein environment and transmits the excitation energy quite independently from the other monomers due to weak Coulomb coupling among them [7, 8] . The BChla 1 and BChla 6 of each monomer are close to the base-plate of the chlorosome antenna and the BChla 3 and BChla 4 are close to reaction center [9] .
Recent experimental observations, based on 2D electronic spectroscopy (2-DES) [10] [11] [12] on the isolated FMO complex, have revealed that the electronic excitation gets transferred in a wave-like manner [13] [14] [15] rather than incoherent hopping, between different BChla sites. These long lasting (∼ 600f s) oscillations were arguably explained as reminiscence of coherent beats (or dynamical coherence). These coherence's were further explained as originated from electronic modes and it was argued that coherence avoids the energetic traps and enhances the efficiency of EET [8, [16] [17] [18] [19] [20] [21] [22] . The inhomogeniety of protein environment and its effect on coherence were also illustrated to study the EET dynamics [23] [24] [25] [26] [27] [28] . Recently the * davinder.singh@iitrpr.ac.in origin of dynamical oscillatory coherence was explained on the basis of vibronic modes of BChla sites [29] [30] [31] [32] [33] [34] . However so far the effect of initial coherence created by the coherent laser light as used in 2-DES experiments has not been explored.
In the 2-DES experiments, the FMO complex is extracted out from the bacteria (namely, Chlorobium Tepidum). An ultra-short femtosecond laser pulse is used to excite it; thereby it creates a coherent superposition of several excited BChla sites. However in a realistic bacterial EET, the incoherent excitation (due to sunlight) makes an incoherent mixture of the excitations of the BChla sites. Different initial conditions are expected to have a substantially varied effect on the temporal dynamics of EET [35] . In the most of the earlier theoretical models [8, 33, 36] to explain the observations of 2-DES experiments, either the BChla 1 or the BChla 6 has been considered as initially excited. The dynamics thereby follows two different pathways, initiated by excitation in BChla 1 and BChla 6 respectively to reach the destination BChla's (namely BChla 3 and BChla 4). However, such initial conditions clearly do not match with that of the laser excited FMO complex or in-vivo absorption of excitation by BChla sites of monomer. In this paper, we suitably choose the initial condition and explicitly study the effect of initial coherence on the EET, specifically by comparing the EET for initial coherent and incoherent excitation. Through the study of the dynamics of coherently initiated EET one would be able to mimic the observations of the 2-DES experiments, which are still not fully understood. We first describe how a superposition of the excited BChla sites is created when a short pulse is applied. We compare its dynamics with that of mixed state that is formed by the incoherent absorption of light.
Our numerical study has the following salient features: (ii) X-ray crystallography of the FMO complex reveals an inhomogeneous protein environment of different BChla sites. Further, various vibronic modes of BChla sites also effect the EET dynamics. We have incorporated these features by fitting the spectral density with experimentally observed phonon wing and vibronic peaks [37] . Moreover, following Wendling et al [38] , we have used five different vibronic modes with large value of Franck-Condon factors instead of using only one or two modes as has been done in earlier approaches [29] [30] [31] [32] [33] .
(iii) We have carefully considered all the realistic parameters for each BChla site, e.g., their excited state energy and mutual Coulomb couplings.
The structure of the paper is as follows: In section II we describe the preparation of initial state. In the following section (Section III), we illustrate the EET dynamics for initial coherent superposition as well as initial incoherent mixed state in FMO complex. Finally in section IV we conclude with summary and an outlook.
II. PREPARATION OF INITIAL STATE
To understand the coherent distribution of excitation among the different BChla sites, each BChla site is modelled as a two-level system. We assume that the EET happens only in the single-excited BChla basis (see Fig.  1b ), i.e., the probabilities of bi-exciton and other higher states are negligible compared to the single excitation. Such suppression of bi-exciton pathways is also preferable to avoid damage due to excess energy [39] and can be attributed to dipole blockade arising from the closelyspaced arrangement of the BChla sites [40] . Also note that, in the 2-DES experiments, the temporal dynamics of only the excitons have been observed [10] [11] [12] .
To excite the BChla sites in the monomer of the FMO complex, a linearly polarized pulse E(t) =ˆ ε(t)e −iω L t + h.c. of the central frequency ω L and the time-dependent amplitude ε(t) is applied. The Hamiltonian in the dipoleapproximation can therefore be written as
(1)
Here j represents the unperturbed energy of the jth BChla site and ∆ ij is the tunneling frequency between ith and jth BChla site. The transition dipole moment matrix element of the transition |j ↔ |0 is represented by d j0 . Here we assume that the time-scale of the laser pulse is much shorter than the time-scale at which the Schematic illustration of interaction of Gaussian laser pulse with different BChla sites in a monomer of the FMO complex. Here j0 represents the transition frequency of the jth BChla site and θ j0 is the angle between polarization of light pulse and the transition dipole moment of the jth BChla site.
coupling of the bath modes become effective. The above pulse would create a general superposition of all the relevant states of the monomer. Considering a common ground state |0 and seven excited states |j = 0 , such a superposition can be written as |ψ = 7 j=0 c j (t) |j . In the interaction picture, this would evolve with time according to the following Schrodinger equation:
where H I represents the interaction Hamiltonian. The probability amplitude c j for the excited state of the jth site therefore evolves according to the following equation:
We choose the following Gaussian profile of the Rabi frequency of the pulse: G(t) = ge
We assume that the transition dipole moments d j0 of the BChla sites have approximately the same magnitude d, such that g = dε . However, these dipoles have different orientations in three dimension, designated by the angle θ j0 it makes with the polarisation direction of the pulse. We assume that the polarisation is parallel to the transition dipole moment of BChla 1 as illustrated in Fig. 1b , while the other dipoles are oriented at non-zero angles. To analyse the dynamics of interaction, the angles of transition dipole moments are calculated using VEGA-ZZ as illustrated in Fig. 1a [41] . Further, different values of the transition frequencies of the different BChla sites, as indicated by Adolphs and Renger [7] , have been considered in our numerical study. In the view of average transition frequency, we choose ω L = 12420cm −1 . We consider that the laser pulse interacts with the FMO complex for a femtosecond time scale (∼ 40f s). However, the effect of tunneling rate ∆ ij will be dominant at a time scale 1 ∆ij (ranging from 0.4ps to 3ps), much after the femtosecond pulse dies away. To elucidate this effect, we numerically solve the set of Eqs. (3) for the probability amplitude of BChla 1 and BChla 2 only, which have the strongest Coulomb coupling among all the combinations of the BChla sites. We observe that for first 40 fs, when the laser pulse interacts with the BChla's, the dynamics remains unaffected by the Coulomb coupling (i.e ∆ ij ) as illustrated by lower panel of Fig.3 . However, after the pulse dies out, the effect of ∆ ij becomes dominant as it creates the oscillations of population between two BChla's. Based on this observation, we neglect the effect of Coulomb coupling ∆ ij for the dynamics of full monomer FMO complex for the interval during which the laser pulse interacts. Next, we study the dynamics of all the BChla sites in the presence of the pulse. In Fig. 3 , we show that for suitable choices of the pulse parameters, one can pump all the population from the ground state to the excited states. In addition, as displayed in Fig. 4 , the coherence between the excited states and the ground state vanishes, while, the excited states build up certain nonzero coherence among themselves. It is particularly important here to note that almost after 60f s (when the laser pulse has already interacted with the BChlas), as illustrated in Fig. 4e , the ground-to-excited state coherence (i.e. ρ j0 ; j = 0) dephases as has been observed experimentally by Panitchayangkoon et al. [14] . Clearly, a pulsed excitation creates a coherent superposition of all the excited states of the BChla sites, which then evolves under the action of Coulomb tunnelling and the bath modes, once they become effective. This is contrary to the assumption by Ishizaki and Fleming [8] , that it is either the BChla 1 or the BChla 6, that absorbs the excitation first, which then propagates through a chain of BChla sites to reach the reaction center. We emphasise that the unequal distribution of excitation across different BChla sites, as illustrated in Fig. 3 , is primarily due to their different relative orientation of the angle of transition dipole moments with the pulse polarisation.
On the other hand, according to Forster theory, one obtains an in-situ incoherent distribution of excitation at initial time (i.e t = 0) between baseplate BChla site and the FMO complex [42] as follows: 
III. EET DYNAMICS
In our numerical simulation of EET, we consider the relevant complex network of BChla sites in the monomer of FMO complex is shown in Fig.5 . We statrt with the total Hamiltonian, as [43, 44] 
where the system Hamiltonian H S is given by
Here σ ij z = |g j e i g j e i | − |e j g i e j g i | and σ ij x = |e j g i g j e i | + |g j e i e j g i | are the equivalent Pauli spin operators in two-site single excitation basis, ij = j − i is the energy difference between jth and ith BChla sites, and ∆ ij represents the tunneling frequency between them as shown in Fig.5 .
The bath Hamiltonian can be written as The system-bath interaction can be described by the spin-boson Hamiltonian as
where g kij is the electron-phonon coupling constant.
To study the dynamics of EET, we use the following non-Markovian master equation for the system density matrix ρ [37, 45] :
The time-dependent coefficients in Eq.(9) represent the system-bath correlations and are given by
wheren(ω, T ) represents the average number of phonons and J ij (ω) is the spectral density function considering the contributions from those vibronic modes corresponding to non-negligible values of Franck-Condon factors as originally proposed by Singh and Dasgupta [37] .
Here we also introduce the spectral function, as follows, that has been obtained by fitting with the experimental data (obtained using fluorescence line narrowing spectroscopy by Wendling et al. [38] )
(12) The above form of spectral density consists of the contributions of vibrational motion, arising from, for example, the environmental phonons with the Huang-Rhys factor K ij (with K ij = g 2 kij ) and the vibronic modes with the Huang-Rhys factor K l . Here ω cij is the cutoff frequency and ω l represents the frequencies of the active vibronic modes, with only the dominant Franck-Condon factors. In our analysis, we choose ω l = 36 cm −1 , 70 cm −1 , 173 cm −1 , 185 cm −1 , and 195 cm −1 , the values of K l equal to 40 times that of the corresponding FranckCondon factors [38] , and the width of the vibronic band as d 2 = 18. As in the 2-DES experiments, we choose the exciton basis. These excitons are delocalised on different BChla sites with time-independent probabilities. Following Cho et al. [12] , we expand the density operator ρ in the excitonic basis and numerically solve the Eq.(9) for following two different initial conditions: (a) the state |ψ(t) , as obtained followed by the initial excitation by the laser pulse (see Fig. 3 and 4) .
(b) the mixed state given by Eq.(4) obtained according to the Forster theory [42] .
Here we plot only those four elements of density matrix for which the experimental information is available [13] [14] [15] . For the Case (a), as illustrated by Fig.6a , the frequency of oscillations of the relevant density matrix elements in the excitonic basis, namely ρ , is almost the same as have been observed in the relevant experiments [14, 15] . More importantly, the time-scale till which the oscillatory nature persists, also matches with the experimental observations. In this case, the excitonic dynamical coherences ρ Ex 21 and ρ Ex 31 dephase in about 2 ps. Here it is interesting to note that even for the Case (b), excitonic population as well as coherence oscillates for about 700 fs as illustrated by Fig. 6a , but the time-scale of oscillations as well as the frequency of oscillations is considerably different from the experimental observations [14, 15] . It implies that consideration of more realistic initial condition is necessary to mimic the experimental results exactly.
Moreover, it is clear from the Fig. 6a that the dynamics of EET is quite fast for the case (a) as compared to the case (b). This is further confirmed by plotting the temporal profile of the mixedness (≡ Tr(ρ 2 )) of the density matrix ρ (Fig. 6b) . For the coherently prepared initial state [Case (a)] the system achieves the steady state at around 2.5 ps while for the initial incoherent distribution of excitation, the system is far away from the steady state even at 3 ps. To explore the reason behind such temporal behavior, we compare the dynamics of these two different initial conditions using Markovian as well as nonMarkovian master equation. Note that, in Markovian master equation the time-dependent correlation function of Eq. (10) and (11) become time-independent de-phasing rates γ i.e D(t) → γ 2n and U (t) → γ 2 . From our dynamical study we observe that the system attains steady state almost at the same time for both the initial conditions, in both the Markovian (Fig.7) as well as nonMarkovian evolution (Fig. 6b) . It indicates that the speed up of coherently initiated dynamics is not due to non-Markovianity. This implies that the exchange of information between system and environment (as it happens in the non-Markovian dynamics), which preserves the coherence for long time, has no effect on the additional speed up of EET. Rather as the initial coherent superposition state relaxes more quickly than the mixed incoherent state, it is the initial coherence that plays the most crucial role in speeding up the EET dynamics.
To further elucidate the role of initial coherence we compared the dynamics of EET using two different initial coherent distributions; in first case we assumed the polarization of laser pulse parallel to transition dipole moment of BChla 1 and in the second case to that of BChla 6. From Fig.8 it is evident that in the latter case, the speed up of EET is more as compared to that in the former case. It implies that different initial coherent distributions leads to varied speed-up of EET in FMO complex. Similar observations of coherent control were investigated in detail for several molecular processes, e.g. photo-dissociation, bio-molecular reactions, by Shapiro, Brumer and their co-workers [46] .
To get the further detail of role of initial coherence, we study the dynamics of EET by modifying the off-diagonal elements of the density matrix as discussed below. The evolution of the off-diagonal elements of the density matrix is governed by the equations of the form:
Here the ad-hoc removal of the B(t) term would refer to a case, when there is no initial coherence. Comparing the dynamics in the presence of B(t) and in the absence of B(t) (see Fig.9 ), we find that the system attains steady state much earlier in the presence of B(t) than in the absence of B(t).
IV. CONCLUSIONS
In conclusion, we have shown how the initial preparation of the collective state of the monomer can influence the EET. Precisely speaking, we have adopted an equivalent eight-state model of the singly excited BChla sites in a monomer and considered their relative orientation and energy differences. The dynamics of the EET is studied using master equation approach in the nonMarkovian limit. It is found that the initial coherence of the state of the monomer takes a crucial role in the speed of EET. This study suggests that the 2-DES experiments, in which one excites the monomer with a coherent pulse, does not properly mimic a realistic EET, in which the initial excitation is incoherent in nature. This also puts the two-pathway model of EET in FMO complex in question, in which it is assumed that either the BChla 1 or the BChla 6 are initially excited. 
